INTRODUCTION
Protein production in living cells is tightly coordinated with external conditions and intracellular demands. This regulation ensures that needed proteins are produced, while those whose function is not compatible with current needs are not. It may also serve to minimize the cost of protein production; indeed, making proteins consumes cellular resources by using energy and nutrients as building blocks and also by occupying common cellular machineries such as ribosomes, polymerases, or chaperones, whose abundance may be limiting. Defining the cost of protein production, and the molecular processes limiting this production, is a central challenge in cellular physiology, which is relevant in particular for understanding the interplays among cell growth, cell division, and cell size.
The cost of protein production is commonly attributed to protein translation (Andrews and Hegeman, 1976; Emilsson and Kurland, 1990; Kurland, 1992; Marr, 1991; Molin et al., 1974; Scott and Hwa, 2011; Scott et al., 2010; Vind et al., 1993) . A major fraction of the cellular GTP pool is used for amino acid polymerization, while significantly lower quantities are invested in other processes including gene transcription and protein folding (Russell and Cook, 1995; Schimmel, 1993) . Ribosomes were implicated as the major factor limiting growth of rapidly growing cells (Dennis et al., 2004; Emilsson and Kurland, 1990; Klumpp et al., 2013; Maaløe and Kjeldgaard, 1966; Marr, 1991; Russell and Cook, 1995; Scott et al., 2010 Scott et al., , 2014 Vind et al., 1993) , following the discovery that most of the cellular biosynthetic activity is devoted to making ribosomes (Bremer and Dennis, 1996) and the observation that ribosome content is tightly coordinated with cell growth rate (Bremer and Dennis, 1996; Schaechter et al., 1958; Warner, 1999) . However, there is still a need for experimental data that directly map the molecular mechanisms limiting protein expression.
The cost of protein production was extensively studied in E. coli. Forced overexpression of the Lac operon in medium lacking lactose leads to reduced cell growth and arrested the cell cycle when reaching 30% of total proteome (Dong et al., 1995; Horiuchi et al., 1962; Nguyen et al., 1989; Novick and Weiner, 1957; Scott et al., 2010) . This reduced growth was broadly interpreted as the cost of protein production (Dong et al., 1995; Klumpp et al., 2013; Scott et al., 2010; Stoebel et al., 2008; Zamenhof and Eichhorn, 1967) , although a recent study provided an alternative interpretation (Eames and Kortemme, 2012) . Only limited data are available describing protein burden in eukaryotic cells (Hauf et al., 2000; Lang et al., 2009; MacLean, 2007) , and it is not clear whether results inferred from one cell type, or from specific conditions, can be generalized to other organisms and environments.
In this paper, we examined the relative contributions of gene transcription and protein translation to the cost of protein production in budding yeast, S. cerevisiae, and mapped the limitation to the initiation versus elongation steps of each process. We found that transcription and translation can both be limiting, depending on the growth conditions. In particular, our data challenge the hypothesis that ribosome content is a universal limiting factor defining growth rate of rapidly growing cells, as only slowgrowing cells appeared to be limited in ribosome content. Notably, endogenous protein expression was increased, rather than decreased, upon forced production of inert proteins, suggesting that the protein production capacity can readily adapt to increasing demands. We discuss the implications of our data for describing the interplay between protein production and cell growth.
RESULTS

Systematic Study of Protein Burden
Microorganisms are optimized for rapid growth. We therefore analyzed the impact of enforcing protein production on cell growth rate. Expressing mCherry fluorescent protein using one of the strongest yeast promoters (pTDH3, glyceraldehyde-3-phosphate dehydrogenase enzyme) resulted in a change in growth rate that was below our experimental resolution (2%). To enforce higher expression levels, we cloned the pTDH3-driven mCherry construct into a plasmid that integrates into the genome in multiple copies and generated a library of strains expressing one up to 20 copies of this construct (Figures 1A, 1B, and S1A), as measured by mCherry fluorescence and verified by qPCR of genomic DNA ( Figure 1C ). Proportionality between fluorescence levels and DNA copy numbers was maintained for the full range of integrations and was compatible with protein abundances measured by western blots ( Figures  1D and S1B ). A comparable library was generated also using GFP, giving consistent results ( Figure S3B ). We calibrated the measured fluorescence levels using 15 GFP-fused proteins and available abundances data (Figures 1E and S1C; Table S3; Supplemental Experimental Procedures) . By this, we estimate that a single pTDH3-GFP construct contributes 2% to the cellular proteome.
Growth Fitness Decreases in Proportion to the Expressed Proteins
We measured the growth rate of our library strains using two methods. First, we used direct comparison of growth curves of strain expressing a single copy or 18 integrations of pTDH3-mCherry. The strain with 18 copies grew 18% slower than the stain expressing a single copy ( Figure 1F ). Second, relative growth rates were quantified for the full library using a sensitive competition assay ( Figure 1G ). Strains containing different integration number of pTDH3-mCherry were co-incubated with GFP-labeled wild-type cells, and their relative abundance in the population of growing cells was quantified at subsequent Fifteen distinct GFP-fused strains spanning a range of abundances were chosen. Their fluorescence levels were quantified using a flow cytometer and plotted as a function of their protein abundance in PPM (parts per million) as described in Supplemental Experimental Procedures and Figure S1C . Horizontal error bars represent SE between different measurements in Table S3 , and vertical error bars represent the SD between different fluorescence measurements. Vertical dashed blue line indicates 2.3% from the proteome. (F) Growth curve on rich media (YPD). Shown is the log 2 (OD) of the low-burden (one copy) and high-burden (18 copies) strains. Data were fitted with a sigmoid fit (Matlab function sigm_fit). Error bars indicate SD of three biological replicates. (G) Quantifying growth fitness. Cells expressing a given level of mCherry were co-incubated with a GFP-labeled wild-type strain for 30 generations, during which, their relative frequencies were quantified using a flow cytometer. Relative growth rate defined with respect to wild-type cells was calculated from the rate by which the frequency of the mCherry expressing cells was reduced. (H) The fitness cost of protein expression. The relative growth rates of mCherry-expressing cells as a function of mCherry fluorescence. Cells were grown in YPD. The red line indicates expression levels estimated as 2% total endogenous proteins. times using a flow cytometer. When cells were grown in rich media (YPD) and maintained in log phase by serial dilutions, the relative growth rate decreased linearly with increasing mCherry fluorescence ( Figure 1H ). Also by this estimate, each additional copy of the construct reduces the growth rate by 1% ( Figure S1D ).
To examine whether protein burden depends on growth conditions, we repeated our measurements when growing cells in different media, this time allowing cells to enter and exit stationary phase. In all conditions tested, growth rate decreased linearly with increasing mCherry expression, although to different extents (Figures 2A, 2C , and S2). Notably, cells growing in lowphosphate conditions appeared less sensitive to the introduced burden compared to cells growing in standard media, possibly reflecting their somewhat lower division rate. Exit from prolonged starvation was also delayed ( Figure 2B ), as was reported for E. coli (Shachrai et al., 2010) . Finally, when growing cells in continuous cultures, burdened cells reached a lower steadystate density ( Figure 2D ), indicating that they require a higher influx of the limiting nutrient for maintaining the same imposed growth rate.
Repeating our experiment using an additional library of lowerexpression-capacity strains did not show measurable growth defects, verifying that the reduced fitness is not due to the multiple genomic integrations ( Figures 3A, S3C , and S3D). In contrast, replacing wild-type GFP by its 20-fold less stable variant (Mateus and Avery, 2000) had the same effect on fitness, confirming that growth is not impaired by accumulating GFP (Figures 3B and S3A) . Consistent with this, neither the mCherry nor the GFP proteins formed detectable aggregates (Figures 1B and S3F-S3H; Supplemental Information). Because Tdh3p is a key enzyme in glycolysis (McAlister and Holland, 1985) , the reduced growth rate of our strain could reflect impaired glycolysis resulting from competition with endogenous TDH3 expression. Fluorescence levels in our library, however, increased linearly with the DNA copy number ( Figure 1C ), suggesting limited competition between copies. Furthermore, two additional libraries, in which mCherry was driven by different promoters (pPDC1 and pPGK1), showed practically the same fitness cost when normalized by expression levels ( Figure 3C ). More directly, we verified that the expression of Tdh3-GFP-fused protein was not lower in burdened cells in any of the conditions tested (Figure S3I) . Therefore, we can conclude that the reduced fitness of our library strains does not result from the multiple genomic integrations, protein toxicity, or impaired glycolysis, suggesting that it is the result of a limitation in the protein production process itself.
Gene Transcription and Protein Translation Both
Contribute to Protein Burden, Depending on Growth Conditions We next wished to examine the relative contribution of protein translation and gene transcription to the cost of protein production. To this end, we generated an additional library in which mCherry was expressed from a destabilized mRNA (DAmP [decreased abundance by mRNA perturbation]; Figure 4A ) (Muhlrad and Parker, 1999; Schuldiner et al., 2005) , thereby reducing the translation load while maintaining the same transcription burden. Indeed, when expressed using the same TDH3 promoter, the DAmP strain produced 10-fold lower (A) The fitness cost of protein expression depends on the growth conditions. The reduced growth rate of pTDH3-mCherry expressing cells was quantified in the different specified conditions and is plotted as a function of the mCherry fluorescence. Note that in all cases, the growth rates are reduced in proportion to mCherry expression, but the magnitude of the fitness cost depends on the tested condition. The cells were grown on SC (blue), low-phosphate (0.2 mM phosphate, red), and low-nitrogen media (50 mM of ammonium sulfate, cyan). For more conditions, see Figure S2A. (B) Protein burden during recovery from starvation. Cells were grown in SC to stationary phase and were left in this media for 1 week before being transferred back to fresh media. Shown is the recovery time (hours) from starvation, defined by the time required for 50% increase in cell density. mCherry fluorescence ( Figure S4A ) and 30-fold less mRNA as measured by qPCR (not shown). The burden on the translation machinery was thus reduced by 10-fold. By comparing fitness cost in these two libraries, we could therefore distinguish the cost coming from transcription from that coming from the translation process; a cost that results from burdened translation depends only on the amount of mCherry produced, independently of whether it was transcribed from wild-type or destabilized mRNA. In contrast, the cost originating from limiting transcription will depend on the genomic copy number (transcribed genes), irrespective of how many proteins were eventually produced ( Figure S4B ).
We applied this approach to cells growing at three different conditions: low phosphate, low nitrogen, and standard media (SC). The relative contribution of transcription versus translation to the measured burden varied depending on growth conditions. In medium low in phosphate, the cost scaled with the genomic copy number, indicating that transcription is limiting. In contrast, in medium low in nitrogen, the cost scaled more with mCherry fluorescence, indicating that translation is limiting. In standard media (SC), both transcription and translation contributed about equally to the fitness cost ( Figures 4B-4D , S4C, and S4D).
Cells growing in low phosphate are therefore limited in their transcription capacity, while cells growing in low nitrogen are limited in their translation capacity. To further verify that, we examined whether these different conditions inflict differential sensitivity to drugs that inhibit protein translation or gene transcription. Indeed, cells growing in low nitrogen were more sensitive to the translation-inhibiting drug hygromycin B, while cells growing in low phosphate were more sensitive to the transcription-inhibiting drug phenanthroline (Figures S4E-S4I ; Supplemental Information).
Initiation and Elongation Contribute to Protein Burden in a Condition-Dependent Manner
We next wished to map the measured limitations to the initiation or the elongation steps of the respective transcription/ translation processes. To this end, we generated an additional library, in which mCherry ORF (open reading frame) was fused to GFP ORF. The two ORFs were separated by a linker, and were transcribed as a single unit using the TDH3 promoter (Figure 5A ). mCherry fluorescence levels were invariant to the addition of GFP ( Figure S5B ). Comparing the fitness of the new library to the original mCherry library enabled us to distinguish the relative contribution of initiation and elongation to protein burden. In standard media (SC), the fitness cost scaled with mCherry fluorescence, irrespectively of GFP production, indicating that initiation is limiting. In contrast, in medium low in nitrogen, the cost scaled with the total length of the transcribed proteins, indicating that elongation is limiting ( Figures  5B and S5D) .
Introducing a stop codon between the mCherry and GFP, reduced mCherry levels, likely reflecting nonsense-mediated mRNA decay (Hentze and Kulozik, 1999; Figures 5C, S5B, and S5C) . Fitness cost of expressing this construct in low-nitrogen medium still scaled with the total length of the translated proteins (mCherry only) ( Figure 5D , left). Together, this maps the limitation in low nitrogen to translation elongation. In contrast, when growing this library in low phosphate, fitness cost scaled primarily with the genomic copy number and not with protein fluorescence, consistent with transcription initiation being the main limiting factor ( Figure 5D , right). Fitness cost here was still somewhat lower than that of the fused Cherry-GFP, suggesting a minor contribution of translation elongation. (Muhlrad and Parker, 1999) . When driven by the same TDH3 promoter, the destabilized GFP fluorescence was reduced by 20-fold (bottom). The relative growth rates of the cells in these two libraries is plotted as a function of the integration copy number, showing the same fitness cost independently of the number of expressed GFP proteins (top). Note that the fitness cost of the pTDH3-GFP-and pTDH3-mCherry-expressing strains were practically identical ( Figure S3B ). Cells were grown in SC media. For low-phosphate media see Figure S3A . (C) Expression by different promoters results in a similar fitness cost. Two additional libraries were constructed, in which mCherry was driven by different promoters as shown. Expression levels driven by the PDC1 promoter are similar to those of TDH3, whereas expression levels driven by the PGK1 promoter are 2-fold lower (bottom). In this experiment, cells were grown in YPD and kept in log phase by frequent dilutions. For more conditions, see Figure S3E .
Translation Initiation Is Limiting in Slow-Growing Respiring Cells Ribosome content and energy are critical resources for protein translation and are often implicated in limiting protein production (Andrews and Hegeman, 1976; Emilsson and Kurland, 1990; Klumpp et al., 2013; Maaløe and Kjeldgaard, 1966; Marr, 1991; Scott et al., 2010 Scott et al., , 2014 Vind et al., 1993) . We were therefore surprised that translation did not emerge as the universal, or major, factor limiting growth of our rapidly proliferating cells. Furthermore, even in the one case where limitation was mapped exclusively to translation elongation (low-nitrogen medium), it is more likely due to shortage of amino acids previously reported under these conditions (Boer et al., 2010) . We reasoned that this might reflect the unconstrained availability of energy expected from fermenting cells, which direct the vast majority of their carbon molecules to produce ethanol ( Figure 6A ). Indeed, each glucose molecule generates two ATP molecules when fermented, but it can generate 36 ATPs if respired, so that a minor re-direction of the carbon flux toward respiration could provide all additional energy required when the translation capacity is forced to increase. As a result, we predicted that energy, and subsequently translation, would become limiting when growing cells on a suboptimal carbon source that cannot be fermented.
To test this possibility, we grew our cells on a mixed ethanolglycerol media. Cells division time was 6 hr ( Figure S6A ), compared to 1.5 hr for cells grown on glucose-supported media. As predicted, limitation was mapped exclusively to translation; the reduced fitness of the DAmP and wild-type strains scaled with the amount of produced proteins, irrespective of mRNA stability ( Figures 6B and S6B) .
Energy limitation could directly impact on translation elongation and perhaps indirectly impact ribosomal machinery, as producing ribosomes is the major biosynthetic activity of the cell (Bremer and Dennis, 1996; Russell and Cook, 1995) . We found that the cost of expressing the fused mCherry-GFP protein was the same as that of expressing mCherry alone, indicating that the limitation is due to translation initiation ( Figures 6C,  6D , and S6C). While ribosome content could limit either initiation or elongation, a recent theoretical analysis concluded that initiation is the rate-limiting step in ribosome function (Shah et al., 2013) . Together, our results suggest that during this slow growth on a non-fermentable carbon source, protein production is limited by ribosome content.
Cells Adapt to the Enforced Protein Production by Increasing Their Cell Size and Making More Endogenous Proteins
It is often assumed that microbes are optimized for rapid growth (Schaechter et al., 1958) . Accordingly, it is expected that cells grow at their maximal possible capacity and cannot further increase their overall biosynthesis. In this framework, enforcing expression of unneeded proteins would necessarily come at the expense of producing other proteins (Klumpp et al., 2013; Scott et al., 2010; Shachrai et al., 2010) . Our finding that ribosome content is not limiting under conditions of rapid growth, prompted us to re-visit this assumption. If protein production is not constrained, cells might grow larger when forced to express excessive amounts of proteins. We therefore examined whether (Middle) In the low-nitrogen condition, the major contributor to the fitness cost is translation. (Bottom) In standard media (SC), there is contribution of both transcription and translation. For additional promoters, see Figure S4C . (C and D) The relative contribution of transcription and translation to protein burden is condition specific. Shown is the relative (C) and absolute effect per copy number (D) contribution of transcription and translation to protein burden. The model is described in Supplemental Experimental Procedures. The error bars indicate the SE around the median. In (C), n = 3/2/2 (low phosphate/SC/low nitrogen, respectively). In (D), the error bars indicate the variation in the total cost and n = 5/3/3 (low phosphate/SC/low nitrogen, respectively).
cell size increased in our library strains using a Coulter counter. Indeed, cell volume increased in proportion to the produced mCherry proteins, with cells becoming up to 40% bigger. This increase is consistent with the estimated fraction of added proteins and may therefore be at least partially explained by the extra proteins being produced (Figures 7A and 7B) . Note that as a consequence of the increased cell size, cell volume in our library is negatively correlated with the cell growth rate (Figure 7C ). This negative correlation contrasts the typical positive correlation between size and division observed upon changing conditions (Schaechter et al., 1958) but resembles the relationship observed when the influx of glucose does not match the levels predicted by sensing the environment (Schmidt-Glenewinkel and Barkai, 2014) We next asked whether expression of the enforced mCherry protein comes at the expense of endogenous protein expression. To examine that, we selected a group of 90 GFP-fused proteins that span a broad range of expression levels ( Figure S7A ; Table  S4 ) and used the synthetic genetic array (SGA) technique Tong et al., 2001 ) to introduce the GFPfused proteins into mCherry-burdened cells. In short, the SGA technique consists of mating an haploid cell expressing a given GFP-fused protein with a haploid cell expressing either high or low mCherry levels, subjecting the resulting diploid to meiosis and sporulation, germinating the spores, and selecting for haploids that contain both markers. We found variable levels of mCherry expression following SGA using the high burden strain, indicating instability of the long tandem integrations during meiosis (not shown). We next mixed together haploids containing the same GFP-fused proteins but either high or low mCherry proteins, grew them to log phase, and measured their fluorescence using flow cytometry. This provided direct comparison of the endogenous GFP-fused protein in high-and low-burden cells grown under the same precise conditions ( Figure 7D ).
Notably, expression of endogenous proteins increased, rather than decreased, when enforcing high expression of mCherry proteins. Furthermore, on average, the increase in expression was proportional to the amount of enforced mCherry production and was dependent on the growth condition. The strongest effect was observed for cells grown in standard media (SC), where we observed an averaged 20% increase in endogenous protein expression in cells expressing 18 copies of the pTDH3-mCherry construct. Cells growing in low phosphate or low nitrogen also increased their endogenous protein expression in proportion to the enforced mCherry production, but to a significantly lower amount. In none of the cases did we observe an overall decreased average expression of the endogenous proteins below the low-burden GFP amounts (Figures 7E and S7B-S7D).
DISCUSSION
Common notion holds that microorganisms, including bacteria and yeast, are optimized for rapid growth, making the most efficient use of nutrients once these become available in order to outgrow other microorganisms that share the same habitat. Proteins are the growth driving force, but their production is a major consumer of energy and nutrients. What are the fundamental limits on cell growth rate? What cellular resources are limiting, and how are they distributed? What limits protein production, and how do these limitations impact the cell division cycle? Our study touches on these questions by systematically interrogating the origins and consequences of protein burden: the reduced growth rate of cells that are forced to express increasingly high amounts of inert proteins. We report three main results. First, we demonstrate that forcing cells to either transcribe or translate inert proteins reduces cell growth in proportion to the introduced burden, and we map the relative contributions of these processes in different conditions. Second, we find that the capacity of the cells to tolerate increased demand for transcription or translation differs between growth conditions, even when the growth rates themselves remain largely similar. Finally, we show that cells adapt to the enforced burden by increasing their size and increasing the abundances of endogenous proteins, suggesting a general adaptation of the protein production machinery and a limited competition for common resources. Our results call for revisiting some common notions invoked for describing the physiology of cell growth. The first is the question of whether maximal growth rate is set by optimal allocation of ribosomes, dedicating the maximal possible fraction of ribosomes to the task of producing new ribosomes. This notion comes largely from the realization that cell growth is fundamentally limited by ribosome translation. For example, if 50% of the ribosomes are occupied in making new ribosomes, each one of those ribosomes will need to translate two ribosomes within each cell cycle. In E. coli, ribosome translation requires 6-10 min, in agreement with their 20-min minimal division time (Scott et al., 2010) . Our results imply that budding yeast does not work in this limit, consistent with the larger difference between cell-cycle time (90 min) and the time it takes to translate a eukaryotic ribosome (24 min; Planta and Mager, 1998; Waldron et al., 1977; Supplemental Information) . Thus, ribosome content was not universally limiting in the rapid growth conditions we tested. When we grew cells in medium containing low levels of phosphate (while maintaining rapid growth; Figure 2C ), limitation was mapped to transcription initiation. Cells growing in SC were equally limited by transcription and translation initiation, whereas in yeast growing in low-nitrogen conditions, limitation was mapped to translation elongation ( Figure 6D ). This may be attributed to a shortage of ribosomes, but we find it more likely to result from the shortage of amino acids that has been described for this medium (Boer et al., 2010) . Therefore, ribosome activity readily adapts to the increasing translation demands, at least in some conditions. A likely implication of our results is therefore that rapidly growing cells do not produce proteins at their maximal possible capacity. This, again, calls for revisiting the common assumption that protein production is set by maximizing the use of some limiting resource, be it the ribosome, nutrient, or any other factor. Indeed, we show that cells readily adapt to the increased protein production by increasing in size and the amount of endogenous proteins.
If ribosomes, or other factors, are not limiting protein production and cell growth, what defines a cell's growth rate, and how does it depend on the number of proteins produced? Our data suggest that growth control involves the coordination of a variety of processes that function in parallel, with different growth conditions altering the relative importance of these processes. Proposed cell physiological models (Bremer and Dennis, 1996; Keren et al., 2013; Klumpp et al., 2013; Scott et al., 2010; Zaslaver et al., 2009 ) provide the necessary rigorous framework for formulating such limitations and testing possible hypotheses about their consequences. Still, the space of possible models is too broad considering the scarcity of available experimental data. The experimental setup we have described provides data essential for restricting and refining the resource allocation models toward the goal of understanding cell physiology and, in particular, the interplay among protein production, cell size, and cell growth.
Yeast, like bacteria, is a fast-growing organism. By contrast, in higher eukaryotes, most cells grow slower. Further, while budding yeast metabolize glucose by fermentation, respiration is predominant in most cells predominantly. By these criteria, these cells would be more similar to our glycerol-grown cells, in which ribosomes appear to be limiting. It would be interesting to extent similar studies for these different cell types.
EXPERIMENTAL PROCEDURES Strains and Media
All of the budding yeast (S. cerevisiae) strains in this study were based on BY4741, BY4742 (Brachmann et al., 1998), or Y8205 (Tong and Boone, 2007) laboratory strains. Manipulations were performed using a standard PEG;LiAC;ssDNA protocol (Gietz and Woods, 2002 (D) Experimental setup for measuring GFP level with the increased burden. Low-and high-haploid-burdened strains were mated with a library of 90 GFP-fused genes and then subjected to a SGA protocol, resulting in new haploids containing both the GFP-fused gene and our mCherry burden. The low-and high-burden strains for each GFP gene (left and right density clouds, respectively) grew together in the same well, allowing a highly controlled comparison of the GFP levels. Black dashed lines represent the GFP and mCherry medians of the two strains. Shown is an FACS-data example of the TSA1 gene. For a gene list, see Table S4 . (E) Protein levels increase with the increasing burden throughout the different conditions. For each mCherry copy-numbers bin, the median of GFP fluorescence ratio (high/low) was calculated. The endogenous gene levels are shown with the binned mCherry copy number, and a linear fit was plotted (dashed line; see also Figures S7B-S7D and Supplemental Experimental Procedures). Error bars indicate SE in the bin.
used in this research, see Supplemental Experimental Procedures and Table  S1 ; for strain stability, see Supplemental Information. Strains were grown in YPD medium, YPEG medium, SC medium, or SC medium depleted of a specific nutrient, as described in the main text. Glucoselimiting media contained 0.2% glucose. For starvation experiments, cells were grown to stationery phase in SC medium overnight (optical density [OD] 10) and were left without shaking at 30 C for 1 week. See Supplemental Experimental Procedures for further details.
Competition Assays
Cells were grown to stationery phase in the relevant media overnight. GFP and mCherry strains were then co-incubated in the specified media at 30 C. Frequencies of GFP versus mCherry cells were measured by flow cytometry. The cells were diluted once a day and may have reached stationary phase (except for the YPD log experiment, in which cells were diluted every 9 hr). For more details and calculations, see Supplemental Experimental Procedures. The full list of competition experiments performed is given in Table S2 .
qPCR Cells were harvested and frozen immediately in liquid nitrogen; DNA and RNA were extracted using MasterPure Complete DNA and RNA Purification Kit (Epicenter, MC85200), respectively. Next, RNA was reverse-transcribed to cDNA using M-MLV Reverse Transcriptase kit (Promega, M1701). cDNA and DNA levels were compared to the wild-type (WT) using ACT1 gene as reference (LightCycler 480, Roche).
Lag-Time Measurements
Following starvation, cells were returned to fresh SC medium and their OD 600 was measured every 10 min using an absorbance reader (Sunrise, Tecan). Lag time was defined as the time it took the cells to increase their OD 600 by 1.5-fold.
Growth Curves and Generation Time
Cells were grown overnight in the different media, then diluted to OD 600 0.1 into shake flasks. ODs were measured (Novaspec Plus, Amersham Biosciences) every 90/40 min (low-nitrogen medium/other media, respectively) for 12 hr and a final OD 600 measurement after 24 hr. Next, growth curves were plotted: log2(OD) as a function of time in hours. The generation time was calculated as 1/s', where s' is the slope's linear part in the growth curve. Quantitative Western Blots Post-alkaline NaOH protein extraction protocol was performed followed by standard quantitative western blot. See Supplemental Experimental Procedures for further details. Soluble, Insoluble, and Total Protein Isolation and Relative Quantification Soluble, insoluble, and total protein isolation and relative quantification were performed as previously described . Quantitative western blots were performed as described above.
Microscopy
Cells were grown overnight to stationary phase, then diluted to a final OD of 0.5. The photos were taken by a Delta Vision 1 microscope (Applied Precision) with the following optics objective: Olympus 603/1.42, Plan Apo N.
Cell Size
All the strains were diluted after overnight growth and left growing to OD 600 0.3. Next the cultures were diluted 1:40 with 0.5 M NaCl and immediately measured in a Multisizer4 Coulter counter (Beckman Coulter) (Coulter, 1953) .
GFP Level Measurements
Haploids from the SGA selection, which possessed both the GFP-tagged protein and the different copies of mCherry, were grown overnight in the relevant media. The following day, cells from each plate were diluted 203 and mixed 1:1.5 (low:high burden) and were left to grow with shaking at 30 C for 5 hr (6 hr for low-nitrogen medium) before analysis in the flow cytometer (80,000 cells per well 
ACKNOWLEDGMENTS
We thank N. Vardi for introducing the integration method, the Schuldiner lab for the kind help with generating the SGA protocol and for the quantitative western blot analysis, and our lab members for the fruitful discussions. This work was supported by the ERC and the ISF. 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Media and Strains
All strains of S. cerevisiae used in this study were constructed on the genetic backgrounds of: BY4741 (MATa his3-∆1 leu2-∆0 met15-∆0 ura3-∆0),BY4742 (MATα; his3-∆1 leu2-∆0 met15-∆0 ura3-∆0), or Y8205 (MATα; his3∆1; LEU2∆0; ura3∆0; can1∆::STE2pr-SP_his5; lyp1∆::STE3pr-LEU2) Tong and Boone, 2007) using standard genetic manipulations (see Table S1 ). Strains were grown in YPD medium (Sherman, 2002) , YPEG medium, SC medium (Sherman, 2002) 
Plasmids
The plasmids used for the construction of the libraries are the derivative of pBS34 and pBS35 supplied from the Yeast Resource Center (YRC, http://depts.washington.edu) Plasmids p34_TDH3, p34_PGK1, p34_PDC1, p34_SSA2 were created by amplifying the relevant promoters using PCR from yeast genomic DNA and integrating them into pbs34, before the mCherry ORF using the restriction enzymes: SalI HF and PacI (NEB). Plasmids p35_TDH3, p35_PGK1, p35_PDC1, p35_RPS5were created by amplifying the relevant promoters using PCR from yeast genomic DNA and integrating them into pBS35, upstream to the mCherry ORF using the restriction enzymes: SalI HF and PacI (NEB). Plasmids p34_TDH3_GFP and p34_TDH3_GFP* were created by amplifying the GPF/GFP* ORFs from the plasmids constructed by Mateus and Avery (Mateus and Avery, 2000) , and cloning into p34_TDH3 plasmid using a Restriction Free method (Unger et al., 2010) . Site directed mutagenesis (Zheng et al., 2004) was used to remove the MfeI restriction site within the GFP ORF. Plasmid p69_TDH3 was created by swapping the antibiotic cassette between p34_TDH3 and p35_TDH3 using the restriction enzymes BglII and SacI (NEB). The plasmids p69_cherry_GFP and p69_stop were created by amplifying the GFP ORF from p34_TDH3_GFP and was cloned into p69_TDH3 at the BsrGI site. The difference between the strains is the linker between the two ORFs: In p69_cherry_GFP the linker is GAGATCAAGCTTATCGATACCGTCCTCGAC; in p69_stop the linker is tagATCCTTtagGATtagACCGTCCTCGAC (including three stop codons). Plasmids and their sequences are available upon request.
Protein burden libraries creation
The relevant were integrated into the yeast genome after linearization by a unique restriction enzyme in the relevant promoter (Table S1 ). The liner DNA was used in standard PEG\LiAc yeast transformation (Gietz and Woods, 2002) . After the antibiotics selection, single colonies were hand-picked to create several hundred candidates. The candidates grew O.N in SC medium, and then their fluorescence levels were measured by flow cytometry. A representative library of the different fluorescence levels was then created (each library contains several dozen strains). 
GFP haploid libraries creation
Yeast cells from the Y8205 background were used for the creation of the protein burdened cells, and mated to 93 hand-picked genes from the MATa GFP library (Sopko et al., 2006 , Table S4 ). These genes were chosen according to their GFP levels in order to span the full detectable spectrum of GFP. The growth, mating and diploid selection were produced as described previously Tong and Boone, 2006; Tong et al., 2001 ), using RoToR bench top colony arrayer (Singer Instruments, UK). At the end, haploids which expressed both the GFP tagged protein and our mCherry burden, were obtained. In the high burden cells, the mCherry level after meiosis varied among the wells, due to instability of the tandem repeats in the meiosis. Because of this instability, we used the original strains for each one of the experiments.
Competition assays
Cells were grown O.N to stationery phase in the relevant media. GFP and mCherry strains were then co-incubated in the specified media at 30˚C. The initial OD was set to ~0.05, and the WT initial frequency was ~50% from the total population. The number of generations was calculated from the dilution factor. Frequencies of GFP versus mCherry cells were measured by flow cytometry. The cells were diluted once a day and may have reached stationary phase (except for the YPD log experiment, where cells were diluted every ~9 hours). Experiments were done with WT strains expressing GFP vs. mCherry burdened cells, or with GFP burden cells vs. WT cells expressing mCherry. A linear fit of the log 2 for the WT frequency dynamics was used to calculate the slope for each competition assay ( Figure 1G ). The relative fitness advantage is calculated from the slope divided by log 2 . The '% of WT division rate (µ)' is 1 + fitness advantage. Each strain percentage of µ-WT was presented against its mCherry levels from the second day of the experiment ( Figure 1H ) or against its copy number calculated from the mCherry levels. Copy number was validated by qPCR ( Figure 1C ). Outliers' removal: a well whose value differed dramatically from the other wells with the same copy number, was removed from the analysis. The full list of competition experiments performed is given in Table S2 . Experiments were performed in 96 wells plates, except for the YPEG experiments that were performed in 50ml tubes. 5  3  4  2  2  PDC1-mCherry  3  2  2  2  -DAmP-PDC1  3  2  2  2  -PGK1-mCherry  3  2  2  2  -DAmP-PGK1  3  2  2  2  -mCherry-GFP  -3  2  2  2  mCherry-Stop  -3  2  2  2  TDH3-GFP  -2 
Flow cytometry
Flow cytometer measurements and analysis were done using BD LSRII system (BD Biosciences). Flow cytometry was conducted with excitation at 488nm and emission at 525±25nm for GFP samples. For mCherry markers, excitation was conducted at 594nm and emission at 610±10nm. The average number of cells analyzed was 30,000.
qPCR
Cells were grown to OD ~0.5, harvested and frozen in liquid nitrogen; DNA and RNA were extracted using MasterPure™ Complete DNA and RNA Purification Kit (epicenter, MC85200), respectively. Next, RNA was reverse-transcribed to cDNA using M-MLV Reverse Transcriptase kit (Promega, M1701). cDNA and DNA levels were compared to the WT using ACT1 as reference (LightCycler 480, Roche). The biological replicates were averaged and plotted.
Lag-time measurements
Following a week long starvation in SC (without shaking; Figure 2B ), cells were returned to fresh SC medium and their OD was measured every ten minutes using an absorbance reader (Tecan Sunrise). Lag-time was defined as the time it took the cells to increase their OD by 1.5 fold. Results reported are averaged over four technical replicates. 
Growth curves and generation time
Chemostates experiments
The chemostat experiments were performed using a DASBox Bacterial Fermentation system (DASGIP, Eppendorf). Yeast cells containing low and high copy number were grown in the fermenter at 30°C in either SC complete media, SC with low Pi, or SC with reduced level of nitrogen. All fermentations started with the inoculation of an exponentially growing starter, typically OD 600 0.5-1 diluted x10. Cultures were initially grown in a batch mode for 6-8 hours to an OD 600 between 0.5-1. The cultures were then switched to chemostat mode with final doubling time of either 3 or 4hr/doubling, depending on the media used. When the cultures reached steady state in the chemostat, they were sampled and collected cell were used for the various downstream experiments as described in the main text. To verify that in the chemostat experiments the limiting factors are indeed nitrogen and phosphate, we have spiked in for three hours the same media containing high levels of the limiting factor (media containing standard concentrations of either phosphate or nitrogen) and tested how this affected the biomass in the reactors and the pH values.
Quantitative Western Blots
Post alkaline NaOH protein extraction protocol Cells were grown O.N in SC media and were diluted in the morning into fresh SC media to a final OD of ~0.1. After ~5hrs recovery, the cells' protein content was extracted by standard Post alkaline NaOH protein extraction protocol . Briefly, 2.5OD 600 of cells were harvested by centrifugation at 1000g for 3min. Then, cells were resuspended in 100 µl distilled water, and 100μl 0.2M NaOH was added (final concentration 0.1M NaOH), incubated 5 min followed by centrifugation at 1000g for 3min. The cell pellets were then resuspended in 75μl standard SDS loading buffer. The GFP burdened samples boiled for 5min @ 95 C in the first experiment, and were not boiled in the second experiment, while the mCherry samples were not boiled in all experiments (due to the impaired protein after boiling). Later, the samples were centrifuged at 8000g for 2min. The samples were loaded on a 4-20% SDS-PAGE gel (Bio-Rad Laboratories, Inc.) and ran at 120V for ~40min.
Western Blot
The gel, blotting paper and the Nitrocellulose membrane were initially incubated in NovaBlot buffer for 5min at R.T. Then all the parts were assembled on the semi-dry transfer cell and transferred using constant voltage of 25V for 30/45min (one/two membranes, respectively). Then, the membranes were washed with DW and Ponceau S (Sigma-Aldrich, P7170) was added while shaking at R.T. After the 2min, the membrane was washed with DW and a picture of the membrane was taken. Blocking was performed using Sea Blocking (Life Technologies Inc. 37527, diluted 1:5) for 30-60min on shaker at R.T. Next, the corresponding 1 st antibody (see list of antibodies in the table below:in10ml TBST, 5% milk, 0.1% Azid) was added to the membrane and incubated at R.T for 30-60min followed by two quick washes in TBST and three 3min washes in TBST (R.T, shaker). Then, the membrane was incubated with the corresponding 2 ndary antibody (IRDye: 1:10,000 , 10ml TBST, 5% milk, see below) at R.T for 30-60min followed by two quick washes in TBST, two 3min washes in TBST and one 1min wash in PBS (R.T, shaker). The membrane was then scanned for infrared signal using the Odyssey Imaging System (LICOR Biosciences). Protein amount was quantified using the Image Studio software (LI-COR Biosciences). 
Transcription and translation inhibitory drugs
Strains with one and 18 genomic copies were grown O.N in the corresponding media (SC, Low Pi and Low N), followed by dilution to a final OD of ~0.01, and recovery of ~5hr. Then, the cells were loaded in 96-well flat bottom plates in four replicates: where rows 1-4 were inoculated with low copy strain and rows 5-8 inoculated with the high copy strain. For each drug (Phenanthroline (Sigma, 131377-5G) and Hygromycin B (Sigma-Aldrich, H3274-250MG)), an inoculated plate was made where each column in the plate was a diluted concentration of the corresponding drug. The first column was filled only with media for reference measurements. The initial drug concentrations were: 0.01875/1.875mg/ml (Phenanthroline/Hygromycin B respectively) and were diluted by a factor of 2/3 in each adjacent plate column respectively. Then, all six plates (three types of media each with one of the two drugs) were moved to an automated handling robot (EVOware, Tecan Inc.) for growth and OD measurements (Infinite200 reader, Tecan Inc.). Plates were incubated with shaking at 30C, and the OD was measured every ~30min for ~3days. OD values were collected and values that were >2xSTD from the average value of the corresponding column were discarded (~2-4% of the data points). Next, for each well the growth curve was plotted, the approximate derivative of the smoothed data (csaps, Matlab) was calculated (diff function, Matlab) and the maximal value was obtained as the point of maximal growth rate. The repeats were then averaged throughout each column for the growth rate values (same drug concentration, excluding the first and last rows in the plate). Finally, the growth rates were plotted as a function of each drug specific concentration, out of which the IC50 (half of maximal inhibitory concentration) was calculated. For the validation experiment, the plates were prepared as described above but instead of transferring them to the robot for automated handling, we grew them in a shaker at 30°C and took a manual OD readout every 1.5hr over 24hr for each plate on the Sunrise OD reader (Tecan Inc.).
GFP levels measurements
Haploids which possessed both the GFP tagged protein and our burdened cells, were grown O.N in the relevant media (with shaking at 30°C). The following day, the plates were diluted 1:20, and mixed at a ratio of 1:1.5 (low:high burden), then incubated with shaking at 30°C for ~5 hours (~6h for low nitrogen medium) before subjection to flow-cytometry (~80,000 cells per well).
pTDH3_GFP level Calibration curve
The amount of protein obtained from a single construct was calculated using a calibration curve. This curve was generated by comparing the measured fluorescence of 15 GFP-fused proteins spanning a broad range of expression levels (Tdh3p, Pdc1p, Pgk1p, Tef1p, Ahp1p, Ald6p, Tsa1p, Rps25Ap, Tdh1p, Rps18Bp, Thr4p, Acc1p, Rpl8Bp, Bmh1p, Gln1p) with the documented values from the literature on a log 10 -log 10 plot. The literature protein abundance is the median of 16 datasets: 15 from the PaxDB database (Wang et al., 2012 ) (all but the data from Ghaemmaghami et. al. from 2003 -the oldest dataset that has negative correlation with our data were used) and CYCLOPS (Koh et al., 2015) dataset was added. In order to add this dataset, the three reported wild-types were averaged (normalized by the corresponding total GFP above the 'auto-fluorescence' to gain levels in PPM (parts per million)). Values are reported in Table S3 . Next, a linear fit (of the log 10 data) was plotted and used to calculate our single copy burden strain (GFP under TDH3 promoter) .
Protein cost origin analysis
The strains fitness advantage was plotted against the mCherry levels and against the copy number. We used MATLAB "basic fit" function to obtain the linear slopes. The slope from the fitness vs. copy number is designated as S (1) in the models. The normalized slope from the fitness advantage vs. mCherry level is designated as S (2) in the model.
Estimating the relative contribution of gene transcription vs. protein translation:
We assessed the relative contribution of gene transcription vs. protein translation by comparing the fitness cost of mCherry expressed from two different alleles: a WT mRNA and an mRNA whose stability was reduced, hence it produces ~10 fold fewer proteins (DAmP). Both alleles are driven by the same TDH3 promoter. We therefore assume that they share the same transcription cost but differ in the translation cost. We denote by C tx the fitness cost associated with the production of mRNA ('Transcription cost') and by C tl the fitness cost associated with the production of proteins from one mRNA ('Translation cost'). Therefore, in this comparison, we do not consider the cost of translating a single protein or a single mRNA, but consider the total cost a WT cell devotes for the production of, say, all mRNA produced by a given copy number of TDH3-mCherry construct vs. the fitness cost (the cost associated with the making of all proteins produced by this construct). Note that this normalization considers the steady-state level of the WT mRNA alleles, hence normalizing also for the WT mRNA degradation rate.
Assuming an additive contribution of transcription and translation to the total cost we measure, we can write the total fitness cost as:
(1) = ( + ); = ( + 0.1 )
Where C wt and C dm denote the total measured fitness cost associated with the expression of the WT and DAmP alleles, respectively. In Eq. (1), N = n*N', N denotes the rate by which mRNA is produced by a strain with n integrated copies, each transcribing mCherry mRNAs at a rate N'. Note the factor 0.1 in the fitness cost of the DAmP allele, which captures the fact that this lower-stability allele translates proteins at a rate that is ten-fold lower.
8
Using those definitions, and a straight forward algebra, we can write the relative contribution of gene transcription and protein translation C tl /C tx as: (2) = 10
.
To reliably estimate the enumerator and denominator in Eq. (2), we plot the fitness cost in our two libraries first as a function of the produced proteins (mCherry fluorescence), and second as a function of the copy number, n. The slopes in the first plot, provide C wt and C dm directly, and we therefore estimate the enumerator in eq. (2) by the difference between those two slopes (∆ (1) ). The slopes of the second plot, provides C wt and 10C dm and we therefore use it for defining the denominator (∆ (2) ). Note that since arbitrary units are used in plotting expression levels, using both plots require a normalization of measuring units, such that the estimated C wt is the same in both cases. Finally, to generate Figure 4B , we use the normalized variable, R:
R ranges from 1, when cost is due to transcription only, to -1, when it is only due to translation. We used the same formulation as in (2 and 3) to model the relative contribution effect of initiation vs. elongation to the fitness cost. Specifically, we compared the fitness cost of the mCherry library with that of the mCherry-GFP library (rather than with the DAmP library), and the normalization factor changed from 10 in DAmP library to 0.5 in the mCherry-DAmP library.
GFP haploid libraries Analysis
The cells were divided according to their mCherry level ( Figure 7D , left and right density clouds) by manual gating, for each subpopulation the medians of GFP and mCherry were calculated and the two technical repeats were averaged. The mCherry ratio between the subpopulations was used for calculating the high burden copy number. The GFP ratio of the low and high burdened strains was plotted against the mCherry copy number ( Figure S7B-D) . In order to calculate the correlation between the GFP ratio and the copy number, for each mCherry copy numbers' bin, we calculated the GFP medians ratios (High/Low) and plotted it as a function of the increasing copy number ( Figure 7E ). (Wang et al., 2012) and CYCLOPS (Koh et al., 2015) as indicated in the headers. (Table S3) , vertical error bars represent STD between different fluorescence measurements. The red X denotes our one copy pTDH3-GFP from the log-log calibration curve ( Figure 1E ). Below are the various phases of the experiment that corresponds to the numbers in the figure: (1) The experiment start when we add 9ml of cells from an exponentially growing culture (OD 0.5-1 diluted x10) to the chemostat vessel, and let them grow for about 6-8hr in batch mode until the density of the culture reached an OD ~0.5; (2) At this stage we switched the culture to chemostat mode and allowed it to reach steady state at the relevant dilution rate. In this example, we show two steady states with a dilution rate that corresponds to 6hr/doubling (3) and 4hr/doubling (4). In the last part of the experiment (5), we spiked in media with high concentration of the limiting factor (Nitrogen in this case) and followed how it affects the OD. Note that the pH levels represent mirror image of the measured ODs throughout the experiment, including during the nutrient peak. Interestingly, during the nutrient's peak the pH dropped and reached its lowest value in the experiment (~2.6, lower than the pH we saw in our chemostat and batch experiments) suggesting that the pH does not impede the growth in our experiments. (F) Phosphate and nitrogen are the limiting factors in our media. We validated the limiting factors in the media by adding the corresponding limited nutrient (Phosphate and Nitrogen) for three hours after steady state growth in the nutrient limiting medium. The nutrients were added to their level in rich media (SC). After three hours, we switched back to the limiting medium and continued to follow the OD until it reached back the initial steady state. (G) Growth curves in chemostat. One copy (black) and 16 copies (magenta) strains grow (separately) for about 6-8 hours in batch mode (green background) before switching to chemostat mode. The exponential growth curve (data points marked with 'X') was used to calculate the growth rates. Same as Figure 3C , but for additional promoters and conditions. The strains color code is annotated in the YPD panel. (F-H) (A) The most abundant proteins in the proteome produce close to 90% of the proteome. The 20% most abundant genes contribute close to 90% of the proteome. The genes were sorted according to their literature values (Wang et al., 2012) and presented as their accumulative abundance (part of the proteome). Sampled genes used for the GFP analysis are marked with red circles. (B-D) Protein levels increase with the Genomic copy number throughout the different conditions. Each dot represents the GFP fluorescence ratio of (High burden/Low burden) with the increasing genomic copy number. Two repeats were averaged and two experiments are shown. The black error-bar dotes denotes the median of the GFP ratios in bins of similar copy numbers. The data's linear fits (black lines) also presented in figure 7E . Due to noise between the two Low N repeats, the two experiments' bins were generated separately. Grey markers represent an outlier gene (TSA1) that was excluded from the analysis.
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Supplemental Information
Strains stability
We verified that the multiple integrations in our strains were stable over the course of our experiments by comparing mCherry level before and after each competition assays (~30 generations). That confirmed that the strains did not lose integrations during this time. While conducting evolution experiments (not shown), we found that cells gradually lose their fluorescence after ~70 generations. We therefore started each competition experiment from our initial frozen stock and confirmed the strains' fluorescence each time by flow cytometry.
Aggregates
Over expression of proteins cold lead to aggregates, which could affect the cells growth. To further investigate this option, we did several controls. First, we looked on several hundreds of high burdened cells (18 copies) under the microscope. The mCherry signal appeared to be homogeneous in all the cytoplasm ( Figure 1B) . Second, to control for aggregates that cannot be seen under the microscope (smaller or without florescence) we also performed biochemical assay to check for mCherry and GFP protein solubility using strains with one copy and strains with 16 copies. As can be seen in Figure S3F -H, the mCherry solubility roughly stayed the same in cells with and without burden. The GFP solubility was higher in high burden cells but not higher than our soluble control Hog1. The high burdened GFP strains' growth was almost the same like high burdened cells with mCherry, indicating that this change does not affect the cells growth. Lastly, we compare between GFP and destabilized-GFP (dsGFP). dsGFP protein are ~20 fold less stable, so the cells produce the same amount of proteins, but have 20-fold less proteins and therefore, also less aggregates. If aggregates were affecting our cells growth, those cells would grow faster than the normal GFP cells. We observed the same fitness disadvantage ( Figure 3B ). All-in-all, we conclude that aggregates do not have major fitness cost effect in our burdened strains.
The mis-folding effect of fluorescent proteins
The cost of mis-folded proteins was studied by , who compared the growth rate of cells strongly expressing a native YFP and a mutant form of this protein, YFPm4, in which most of the proteins are misfolded. They showed that expressing the wild-type YFP protein reduced growth rate by 1.4%, while expressing the misfolded protein raises this cost by an addition 3.2%. We note that those costs are similar to what we observed, although they estimate expressing a lower level of proteins. This difference may reflect the use of induction conditions (using GAL), which was absent in our experiment. The misfolded protein showed over 100-fold lower fluorescence compared to the WT protein, and formed a large single aggregate. This suggests that the vast majority of produced proteins are misfolded. Further, it also indicates that less than 1% of wild-type YFP are misfolded, that puts the cost of this misfolding at 3.2%/100= 0.032%, which is negligible compared to the ~1.4% cost associated with the protein expression in their experiment. While those measurements were done under conditions different than ours, as we noted above, the large difference in fitness contribution (1.4% vs. 0.032%) likely remains also in other conditions.
